Objectives Microvillus inclusion disease (MVID) is a severe form of neonatal diarrhea, caused mainly by mutations in MYO5B. Inactivating mutations in MYO5B causes depolarization of enterocytes in the small intestine, which gives rise to chronic, unremitting secretory diarrhea. While the pathology of the small intestine in MVID patients is well described, little is known about extraintestinal effects of MYO5B mutation. Methods We examined stomach, liver, pancreas, colon, and kidney in Navajo MVID patients, who share a single homozygous MYO5B-P660L (1979C[T p.Pro660Leu, exon 16). Sections were stained for markers of the apical membrane to assess polarized trafficking. Results Navajo MVID patients showed notable changes in H/K-ATPase-containing tubulovesicle structure in the stomach parietal cells. Colonic mucosa was morphologically normal, but did show losses in apical ezrin and Syntaxin 3. Hepatocytes in the MVID patients displayed aberrant canalicular expression of the essential transporters MRP2 and BSEP. The pancreas showed small fragmented islets and a decrease in apical ezrin in pancreatic ducts. Kidney showed normal primary cilia. Conclusions These findings indicate that the effects of the P660L mutation in MYO5B in Navajo MVID patients are not limited to the small intestine, but that certain tissues may be able to compensate functionally for alterations in apical trafficking.
Introduction
Children with microvillus inclusion disease (MVID) present with unremitting neonatal diarrhea and have generalized villus blunting, loss of polarity and microvilli, and pathognomonic intracellular microvillus inclusions in enterocytes of the small intestine [1, 2] . Previous investigations have identified inactivating mutations in myosin Vb (MYO5B) as the cause for this disease [3, 4] . MYO5B is expressed in all epithelial tissues, as a motor protein regulating membrane transport and membrane recycling in polarized cells [5] . Because patients present with profound diarrhea, MVID research has justly focused on the enterocytes of the small intestine [6] . Consequently, other highly polarized tissues have not been well examined in detail, despite the prominent role of the apical recycling system in establishing polarity and promoting proper function in these tissue types including the stomach, liver, pancreas, kidney, and large intestine.
In gastric parietal cells, regulated apical recycling is the primary pathway for movement of H/K-ATPase-containing tubulovesicles to the apical surface [7, 8] . The parietal cell's main function is to pump protons (H ? ) into the lumen of the stomach using H/K-ATPase at the apical plasma membrane [9] . This function requires transitioning between two apical structural arrangements: resting and stimulated. In the resting state, the apical surface is elaborated into apical invaginations comprising the intracellular canaliculi, which represent an expanded apical plasma membrane supported by F-actin bundled with ezrin [10] [11] [12] . Underneath the apical surface of the intracellular canaliculi, Rab11a-containing tubulovesicles harbor a resting pool of H/K-ATPase [7, 13] . Upon stimulation, H/K-ATPase-containing tubulovesicles fuse into the apical canaliculi. Structural changes related to the stimulated configuration are associated with phosphorylation of ezrin and result in the formation of multiple microvillar extensions from the canalicular surface, which increase the apical availability of H/K-ATPase [8, 11, 14] .
Similarly, both the liver and colon are highly polarized tissues that depend on apical vesicle trafficking for their normal function. Hepatocytes polarize into two distinct surfaces: One surface opens into bile canaliculi with sparse microvilli (apical), while the second surface faces sinusoidal capillaries (basolateral) [15] . MYO5B-coupled Rab11a-dependent trafficking is required by apical ATPbinding cassette (ABC) transporters to establish the apical surface in hepatocytes, and expression of dominant negative mutations in either Rab11a or MYO5B caused aberrant trafficking of ABC transporters, BSEP and MRP2 [16, 17] . Interestingly, in enterocytes MYO5B interaction with Rab8a promotes the establishment of microvilli growth, and MYO5B interaction with Rab11a is required for apical recycling of membranes internalized through apical bulk endocytosis and also facilitates the maintenance of microvilli in enterocytes [18] . MYO5B has also been implicated in the recruitment to the apical surface of MST4 and atypical protein kinase C (aPKC), which are responsible for the phosphorylation of ezrin in enterocytes [19] . Thus, Rab8a-and Rab11a-dependent apical traffickings coupled to MYO5B facilitate proper trafficking in both hepatocytes and enterocytes [18, 20] .
In the Navajo population, MVID has an incidence of 1 case per 12,000 live births, with a homozygous MYO5B-P660L (1979C[T p.Pro660Leu, exon 16) mutation, inherited in an autosomal recessive pattern, responsible for all cases [4, 21] . In this report, we examined non-intestinal tissue samples from Navajo MVID patients. We report that MYO5B appears to alter the apical membrane composition in a number of epithelial organs, with altered tubulovesicular trafficking in the stomach, and disruption of apical and basolateral markers in the stomach and large intestine. These changes were also present in the liver, where these patients also appeared to display loss of MYO5B, with aberrant trafficking MRP2 and BSEP in the hepatocytes. In the pancreas fragmentation of islets of Langerhans was observed along with alterations in apical ezrin in the pancreatic ducts. Nevertheless, the apical primary cilia in kidney epithelial cells appeared relatively unaffected. These findings suggest that the effects of MYO5B mutations in Navajo MVID patients are not tissue specific. Rather alterations in apical membrane trafficking are observed across many epithelial tissue types.
Materials and Methods

Study Approval and Tissue Preparation
The studies in these investigations utilized archival paraffin tissue specimens from normal children and four Navajo MVID patients. All procedures and studies were performed according to protocols approved by Institutional Review Boards (IRBs) at both Phoenix Children's Hospital and Vanderbilt University School of Medicine. IRB approval of informed consent was obtained from all families of living subjects prior to research, and IRB approved decedent research on tissue blocks from patients who had expired.
One Navajo patient was transplanted at 9 months of age because of end-stage liver disease and intestinal failure. The multivisceral transplant included segmental transplant of the liver (left lobe), stomach, pancreas, small intestine, and colon with an arterial interposition graft. Tissue samples from the Navajo patient were obtained from resected specimens that were obtained at the time of the transplantation following the family's signed IRB consent. Archival biopsies of the liver from one Navajo patient at 1 year and 11 months of age and biopsies from a third 18-day-old Navajo patient from the stomach, liver, and colon were also examined. We also examined stomach biopsies from a Navajo patient at 9 years of age and kidney biopsies from the same patient at 11 years of age. All reference controls were obtained from de-identified archival tissue samples obtained from the pathology archives at Vanderbilt University Medical Center. The reference colon sample was from a patient less than 1 year old. Other reference samples were from adults.
Histology
All biopsy and resection samples were prepared as detailed by Knowles et al. 2014 [18] . Normal human and MVID patient sections were de-paraffinized and were submitted to antigen retrieval in a pressure cooker using the Target Retrieval Solution (Dako North America Inc.). Serum-free protein block (Dako North America Inc.) was used for blocking tissue, and sections were incubated overnight at 4°C with primary antibodies diluted in 1% normal donkey serum and 0.01% Tween 20 in PBS. Sections were washed three times for 15 min at room temperature with 0.01% Tween 20 in PBS (PBS-T). Appropriate secondary antibodies were conjugated for immunofluorescence with Alexa 488, Alexa 568, Alexa 647, Cy3, or Cy5 (1.5-h incubation at room temperature). Detailed information on primary antibodies and their dilutions is listed in Table 1 . Images were captured with an Olympus FV-1000 confocal microscope (Olympus, Tokyo, Japan) or Zeiss Axiophot microscope equipped with an Axiovision digital imaging system (Zeiss, Jena GmBH, Germany). The individual images were converted to tiff files with the FV-1000 software, and Photoshop (Adobe) was used to create the final figures.
Samples for structured illumination microscopy (SIM) were prepared as for confocal immunofluorescence (see above). SIM imaging was performed on a DeltaVision OMX microscope (Applied Precision Inc.) using 488-, 568-, and 642-nm lasers. Reconstruction and alignment of SIM images were performed using SoftWorx, version 5.0 (GE/Applied Precision Inc.). These corrections were applied back into the acquired images, and Adobe Photoshop was used to produce the final images.
Results
Inactivating P660L Mutation of MYO5B Caused Altered Morphology in Parietal Cells
Previous work has demonstrated that parietal cells depend on regulated Rab11a-dependent trafficking of H/KATPase-containing tubulovesicle pools to the apical surface to pump H ? into the lumen of the stomach [14] . H/KATPase-containing tubulovesicles from parietal cells contain a wide array of apical trafficking proteins including Rab11a, VAMP2, and STX3 [13, 22, 23] . However, the role of MYO5B on these vesicles remains unclear. Since MYO5B interacts directly with Rab11a to facilitate vesicle trafficking in other cell types, we reasoned that mutations in MYO5B might affect parietal cell function, because of their high levels of Rab11a [7, 14, 24] . To examine the effects of the Navajo MYO5B mutation (MYO5B-P660L) on parietal cells in MVID patients, we immunostained stomach biopsy samples from two Navajo MVID patients for H/K-ATPase and ezrin. In normal stomach sections, immunostaining for ezrin and H/K-ATPase was associated with the apical canalicular region of parietal cells (Fig. 1a) . In contrast, MVID patient samples showed a marked concentration of H/K-ATPase staining in more compressed membrane structures in parietal cells and a reduction in ezrin staining and redistribution to the cytoplasm (Fig. 1a) . Similar results were observed in both MVID stomach samples. Structured illumination microscopy (SIM) of the MVID patient samples revealed aberrant intracellular localization of H/K-ATPase (Fig. 1b) . The localization of pepsinogen in chief cells and GSII lectin (reflective of Muc6-containing mucous granules) in mucous neck cells appeared to be unaffected in MVID patient stomach sections (Fig. 2 ).
Normal function of parietal cells is dependent upon the establishment of electrochemical gradients and contact with neighboring cells. To evaluate the integrity of these systems in the basolateral compartment of the MVID patient stomach samples, we immunostained the stomach sections for phospho-ERM (pERM), p120, and Na/K-ATPase. In normal stomach sections, Na/K-ATPase and p120 catenin (p120) immunostaining was localized to the basolateral surface of parietal cells (Fig. 1c) . In contrast, MVID patient samples showed an increase in cytoplasmic staining for both Na/KATPase and p120, but generally maintained their basolateral distribution (Fig. 1c) . Interestingly, phosphorylated ERM (ezrin, radixin, and moesin) staining, generally reflective of phosphorylated ezrin in parietal cells in the stomach, appeared to be decreased and redistributed to the cytoplasm in MVID patient stomach sections, when compared to normal stomach sections (Fig. 1c) . These findings suggest that mutation of MYO5B in the Navajo MVID patients' stomach can alter normal apical canalicular trafficking in parietal cells.
P660L Mutation of MYO5B Causes Loss of Apical Components in the Colonocytes of the Large Intestine
MVID disrupts normal apical and basolateral polarity in the enterocytes of the small intestine [18] . The colonocytes of the large intestine function to absorb water after initial digestion in the small intestine, but in the context of MVID the large intestine has not been studied extensively. To examine the effects of mutations in MYO5B on the large intestine, we immunostained MVID patient colon samples for ezrin, Syntaxin 3, p120, E-cadherin, and claudin-2 (CLDN2). In general, the colonic mucosal height in the both MVID samples was less than in control colon tissue. a Normal and MVID patient sections of colon were immunostained for ezrin (red) or Syntaxin 3 (red) along with p120 (green) and DAPI nuclear staining (blue). MVID patient colonocytes showed loss of apical staining of both ezrin and Syntaxin 3. Scale bars = 100 lm.
b Sections of normal and MVID patient colon were immunostained for p120, E-cadherin, or CLDN2. While levels of E-cadherin and CLDN2 appeared decreased, they maintained a normal basolateral distribution. Scale bars = 50 lm
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In control colon samples, ezrin and Syntaxin 3 were localized to the apical surface, yet in MVID patient colon samples, there was an apparent loss of apical staining of both ezrin and Syntaxin 3 (Fig. 3a) . Interestingly, phosphorylated ERM was reduced in both MVID patient samples, and both Rab8a and Rab11a were redistributed to the cytoplasm (data not shown). In both the control and MVID patient colon samples, p120, E-cadherin, and CLDN2 were all normally localized along the basolateral surface (Fig. 3b) . Thus, MYO5B mutations in colonocytes may affect apical distribution of proteins, but the basolateral compartment remains intact.
P660L MYO5B Mutation Leads to Redistribution of BSEP and MRP2 in MVID Patient Liver Samples
To investigate the effects of MYO5B mutations on the liver, we immunostained patient samples for the ATPbinding cassette transporters BSEP (bile salt export pump) and MRP2 (multidrug resistance-associated protein 2). MVID patients often struggle with chronic cholestasis, and previous investigations noted that in MVID patient liver samples, proper trafficking of BSEP was disrupted, but MRP2 appeared to be unaffected [25] . While many MVID patients require long-term parenteral nutrition, making the Fig. 4 Immunostaining of MVID patient liver tissue samples shows redistribution of normal canalicular surface proteins. a Sections of normal and MVID patient liver were immunostained for p120 (green) and ezrin (red) to label the sinusoidal and canalicular surfaces of hepatocytes, respectively, along with DAPI nuclear staining (blue). The p120 staining in MVID hepatocytes was redistributed into intracellular puncta, while ezrin was substantially lost from the canaliculi. b Sections of normal and MVID patient liver were immunostained for MRP2 (green), BSEP (red), and MYO5B (grayscale) along with DAPI nuclear staining (blue). In MVID patient liver, both MRP2 staining and BSEP staining were distributed aberrantly in the cytoplasm. Scale bars = 50 lm in all panels. Higher-magnification insets are shown in the upper left of all panels etiology of hepatic dysfunction difficult to discern, recent work in patients without diarrhea but carrying biallelic MYO5B mutations and presenting with hepatic dysfunction suggests this change in BSEP distribution may be associated with alterations in bile acids and cholestasis that is specific to MYO5B mutations regardless of parenteral nutrition toxicity [26] . To better understand the effects of MYO5B mutation on Navajo MVID patient samples, we immunostained MVID liver samples for ezrin, p120, MYO5B, MRP2, and BSEP. In normal liver sections, ezrin lined the bile canalicular surface (Fig. 4a) , while p120 marked the lateral borders of hepatocytes. In MVID patient liver sections, both ezrin and p120 were relocated to the cytoplasm (Fig. 4a) . In normal liver sections, both MRP2 and BSEP stain canalicular surfaces, but in the Navajo MVID patient sections both MRP2 and BSEP were distributed throughout the cytoplasm of hepatocytes (Fig. 4b) . Similar results were found in both Navajo MVID patient liver samples.
Functional MYO5B Is Required for Proper Morphology of the Endocrine Pancreas
We evaluated beta cells in an MVID patient's pancreas using immunohistochemistry for insulin. In normal pancreas sections, insulin staining was positive in beta cells of the islets of Langerhans (Supplemental Figure 1A) . In MVID patient pancreas sections, insulin staining demonstrated the presence of fragmented small collections of islet cells throughout the pancreas, but acinar cell mass was generally maintained (Supplemental Figure 1A) . Additional evaluation of apical membrane integrity with ezrin staining demonstrated redistribution of ezrin from an apical localization in normal pancreatic ducts tissue to basolateral and cytoplasmic distribution in the MVID patient, while p120 demonstrated lateral staining in normal tissue, but was intracellular in the Navajo MVID patient (Supplemental Figure 1B ). Loss of MYO5B was noted throughout the pancreas in the MVID patient.
P660L MYO5B Mutation Does Not Appear to Affect Renal Polarization
Primary cilia in the kidney are key components of renal sensing and adaptation, with increases in cilia length and changes in structure noted during times of injury and ischemia [27] . Proteins are thought to be trafficked to the primary cilium utilizing elements of the endocytic recycling system, including Rab11a and Rab8a [28] . Thus, we were interested in examining the affects of MYO5B mutation on primary cilia structure in renal MVID samples (Supplemental Figure 2) . We evaluated renal primary cilia using antibodies against acetylated tubulin and Arl13b.
Acetylated tubulin and Arl13b immunostaining demonstrated similar cilia structure and length in MVID patients compared to normal control kidney.
Discussion
Previous studies of MVID have focused on the impact of inactivating mutations in MYO5B on the polarity, morphology, and function of enterocytes of the small intestine [18] . In this study, we evaluated the effects of mutations in MYO5B on the integrity of other organs in the gastrointestinal tract. Our investigations were limited by the small number of non-intestinal tissue samples available from Navajo MVID patients. Nevertheless, we found that the Navajo mutation of MYO5B does have significant effects on apical membrane protein expression in the stomach, liver, pancreas, and colon. It should be noted that few of the MYO5B mutations have been characterized in detail. These mutations can range from early truncations that produce essentially MYO5B deletion, to point mutations predicted to alter either motor function or cargo binding.
We have demonstrated that the P660L mutation in Navajo MVID patients leads to a motor that can bind actin, but cannot go through a motor stroke (the so-called rigor mutation) [18] . Since the molecular consequences of other MYO5B mutations are not fully delineated, it is not clear whether other MYO5B mutations will elicit the same impacts in non-intestinal tissues. Thus, our findings should not be considered definitive for non-intestinal phenotypes in other MVID MYO5B mutations. In the Navajo MVID patient gastric parietal cells, H/KATPase was abnormally distributed intracellularly and did not associate with the intracellular canaliculi. In stomach samples, Na/K-ATPase was partially redistributed to the cytoplasm and phosphorylated ERM proteins were markedly decreased. The apical recycling endosome (ARE) acts as the central decision point for both the biosynthetic and endocytic recycling pathways as they traffic and recycle proteins and lipids to and from the apical plasma membrane. Through its interactions with Rab8a and Rab11a, MYO5B plays a crucial role in apical membrane recycling [18, 24] . Thus, it is not surprising that mutation of MYO5B would lead to altered trafficking in stomach parietal cells, as these cells have the highest endogenous levels of Rab11a, which is critical for recycling of H/K-ATPasecontaining tubulovesicle membranes [7, 14, 29] . Recently, MYO5B and Rab11a have been linked to ezrin phosphorylation in enterocytes, and we found a decrease in phosphorylated ERM member proteins in MVID patient stomach sections [19] . Currently, it is not understood if phosphorylation of ezrin results in or is a consequence of the stimulated morphology in parietal cells. Interestingly, functional MYO5B loss in MVID patient parietal cells caused a reduction in apical ezrin similar to that observed in enterocytes [18] .
In the MVID patient colon samples studied in this report, colonocytes showed loss of apical microvillar markers, but interestingly no changes in claudin-2, E-cadherin, and p120. Notably, no microvillus inclusions were detected in enterocytes of the large intestine. The principle disease manifestation of MVID is chronic unremitting secretory and malabsorptive diarrhea. We have recently suggested that the pathophysiology of MVID is likely due to loss of apical trafficking and polarity that results from uncoupling of MYO5B from Rab8a and Rab11a [18] . Deficits in apical functionality in the enterocytes of the colon may contribute to the clinical MVID phenotype, since the colon is unable to compensate for excess fluid secreted into the lumen of the small intestine.
In the liver samples examined in this report, hepatocytes contained intracellular ezrin and mislocalization of p120, and displayed aberrant intracellular localization of both MRP2 and BSEP. While it is often unclear whether the driving force behind hepatic failure in MVID patients is underlying genetic disease or parenteral nutrition-associated hepatic failure, recent reports have found patients carrying biallelic MYO5B mutations with low c-glutamyltransferase cholestasis without either diarrhea or parenteral nutrition, suggesting that further work is still needed to understand the underlying, intrinsic hepatic pathology in these patients [26] . Our findings demonstrate mistrafficking of BSEP and MRP2, along with global changes in hepatocyte polarization with mislocalization of p120 and ezrin in Navajo MVID patient hepatocytes.
When examining the pancreas, we found abnormal small, fragmented islets of Langerhans. It is not clear what this pattern of fragmented islets connotes, but small and more numerous islets have been observed in monkeys with polycystic ovary disease, who are prone to developing diabetes [30] . No clear predilection toward islet dysfunction has been reported with MYO5B mutation, although recently one 10-year-old Navajo MVID patient was reported to have developed diabetes [31] . Although the evidence of pancreatic beta cell dysfunction has yet to be documented widely in this population, the medical and nutritional complexities in these patients may foreshadow changes in pancreatic function that will merit further evaluation as these children live longer.
While prominent effects of MYO5B loss in MVID patients can be discerned in the gastrointestinal tract, few reports have indicated problems with kidney function. Nevertheless, previous investigations have suggested that both Rab11a and Rab8a are involved in the establishment of the primary cilia in a number of cells [28, 32, 33] . It was therefore of interest that we observed essentially normal primary cilia in biopsies from MVID patients. These results may suggest that Rab11a and Rab8a do not utilize MYO5B for trafficking to the primary cilium. Alternatively, since both Rab11a and Rab8a also can bind to MYO5A [34] , in the kidney Rab11a and Rab8a may use MYO5A for primary cilium formation or may act independent of MYO5 activities [35, 36] .
In summary, our studies suggest that the loss of functional MYO5B does not simply result in intestinal pathology, but widely affects a variety of tissues in which the establishment and maintenance of apical polarity is crucial for organ-specific function. Clearly, the functional impact of MYO5B inactivation is more penetrant in the small bowel and the liver. In the intestine, we have noted low levels of expression for MYO5A [37] , a homologous motor protein that can associate with both Rab11a and Rab8a. Other organs which have higher levels of MYO5A, e.g., the kidney, may be able to compensate for a lack of MYO5B activity through the actions of MYO5A or through other mechanisms that may ameliorate any deficits in apical function. Nevertheless, as a number of MVID patients have received intestinal transplants over the past decade, it will be of interest to determine whether these patients will experience long-term effects of trafficking deficits in other organs. Further work is needed to better understand the clinical and physiological manifestations in these and other organs in MVID patients.
